It is the main purpose of the present investigation to follow the morphogenesis of the motor nerve ending in the chick skeletal muscle fibers chronologically by the new copper ferrocyanide method demonstrating ChE activity (KARNOVSKY and ROOTS, 1964; KARNOVSKY, 1964) , in particular in order to reevaluate the stage of an initial onset of the motor nerve ending formation in developing skeletal muscles.
The enzymatic study is extended to the level of the ultrastucture with materials of a certain stage and the silver impregnation technique (SCHEFTHALER and MAYET, 1958 ) is also used as an ancillary method in the present study.
Materials and Methods
Chick embryos from 5 to 21 days in ovo, chicks 1 to 2 days ex ovo, and adult fowls (white Leghorn) were used. The stage of the development of each embryo was identified by the classification of HAMILTON (1952) . Three individuals were examined in each stage, except in embryos of 8 days in ovo in which case two embryos were examined.
Materials used were the proximal portion of lower limbs of embryos and M. sartorius of the posthatched. In addition to the sartorius muscle, M. pectoralis major was also taken in adult fowls. in distilled water, dehydrated and mounted in Canada balsam for the light microscopic observation.
As controls, sections were incubated in the substrate-free medium, the medium containing butyrylthiocholine iodide (BuThCh) as substrate and the medium with an inhibitor, eserine sulfate (10-4M, 10-5M, and 10-6M respectively in the final concentration).
Specimens from 1-day-old chicks were used for the electron microscopic observation. Following incubation in the medium, sections were postfixed in the fixative of CAULFIELD (1957) , dehydrated in graded alcohols and embedded in epon. Thin sections were cut by a LKB ultrotome, poststained with lead (REYNOLDS, 1962) , and examined with JEM 6 C electron microscope.
For the silver impregnated preparations the specimens were fixed in cold 10%
stained by the method of SCHEFTHALER and MAYET (1958) .
Results

Findings obtained in the posthatched
Under the light microscope, the enzymatic activity was positive in the form of sharply demarcated branching networks in the skeletal muscle. When AThCh was used as substrate ( Fig. 1-3) , the enzymatically positive structures seemed to correspond well to the site of the motor nerve ending demonstrated by the silver impregnation technique (Fig. 4) . In the silver impregnated preparations, the motor nerve endings were characterized by the arborized neurofibrils and aggregations of various nuclei distributed among the end ramifications of axons.
A majority of the ChE positive structures showed branching tree-like or lobulated appearance in the sartorius muscle as shown in Figures 1 and 2 . However, in some cases, the enzymatic activity was positive in the structure which was composed of banching networks with many anastomoses and looked oval or round in shape as a whole. Although it was not clear whether or not the structure of the latter type denoted a different type of the neuromuscular junction from the former one, only the structure of the former type was found in the pectoralis muscle. At any rate, structures of both types, outlined sharply from the adjacent area, were approxiing the same pattern as the ending seen in focally innervated fibers (GINSSORG and MACKAY, 1961; HESS, 1961) . In 1-to 2-day-old chicks, it was difficult to distinguish the two types of enzymatically positive structures seen in adult fowls. In this stage the enzymatically positive structure was less complicated than the one in the adult. It was also oval or anastomosed networks (Fig. 5 ). In the silver impregnated preparations (Fig. 6) , the motor nerve endings showed the quite similar characteristic figures as seen in the adult. The basic configuration of the neuromuscular junction in this stage seemed to be essentially identical to that observed in the adult, except for the decrease in complexity and size. The enzymatic activity shown in the neuromuscular junction was inhibited by eserine sulfate completely at the final concentration of 10-4M and partially at 10-5M. No activity was found in sections incubated in the substrate-free medium as well as the medium containing BuThCh as substrate. Fig. 10, 11 ).
Findings obtained in embryos of 12 to 20 days in ovo
The configuration of the enzymatically active structures was the simplest in embryos of 12 days in ovo and the number of structures was also the fewest. It was mainly in the form of a single curved line without any branches and anastomoses ( Fig. 11 ). In embryos of 14 days of incubation (stage 40) both the singly curved lines and the simple rings were observed intermingled in the same section.
In the silver impregnated preparations of embryos of 13 days in ovo, the nerve twigs consisting of very thin neurofibrils, gave rise to end ramifications approaching and making contact to the individual muscle fiber. There was no variation in the enzymatic activity among specimens of the same stage tested, and the substrate specificity of the enzymatic activity was the same as it was in the case of the posthatched; the enzymatic activity was specific for AThCh.
Findings obtained in embryos of 7 to 11 aays in ovo
The simplest configuration of the enzymatically active structure, the single curved or non-curved line, observed in embryos of 12 days of incubation could be observed even in embryos of 7 days of incubation (stage 30) (Fig. 12) , although the number of the enzymatically positive structure seemed to be decreased. In the silver impregnated preparations, fine axon bundles and their branches were found in embryos of 10 days in ovo.
Finding obtained in embryos of 5 days in ovo
There was no enzymatically positive structure observed in embryos of this stage (stage 26).
Findings at the myotendinous region
Besides the activity observed in the neuromuscular junction, the myotendinous region showed the ChE activity throughout the development. It was in the form of a sharply demarcated arc and arranged in rows along the myotendinous junction ( Fig. 13 . The activity was inhibited partially by 10-5M and completely by 10-4M eserine sulfate. In sections incubated in the substrate-free medium and the medium containing BuThCh as substrate the enzymatic activity was not observed. the Schwann cell. The junctional infolding was much simpler than the one in adult fowls. The covering of the Schwann cell was only on the non-synaptic side of the axon terminal. Details of the neuromuscular junction in the chick skeletal muscle including its morphogenesis is described elsewhere HIRANO, 1967) . The electron opaque reaction products, copper ferrocyanide, were observed chiefly in the synaptic cleft and the junctional infoldings. Few deposits were also found in the interspace between the axolemma of the axon terminal and the plasma membrane of the Schwann cell (Fig. 14) . No reaction deposits were seen within the axon terminal, and the sarcoplasm in the junctional area and the Schwann cell were also free of deposits. The axolemma and the sarcolemma of the junction showed no activity.
In addition to the synaptic region, reaction deposits were observed in the intermuscular nerve fibers, i.e. in the interspace between the axolemma and the Schwann cell plasma membrane of the unmyelinated nerve fiber (Fig. 15) . Reaction deposits were not observed when sections were incubated in the substrate-free medium.
Discussion
The excellent light microscopic localization of the junctional ChE activity was obtained by the copper ferrocyanide method (KARNOVSKY and ROOTS, 1964) employed in the present study. The facts that the enzymatic activity was not found in sections incubated in the substrate-free medium as well as the medium containing BuThCh as substrate, and that the activity was inhibited by eserine sulfate (10-4M and 10-5M) indicate that the enzymatic activity observed in the neuromuscular junction was due to true acetylcholinesterase (AChE) activity and not due to nonspecific esterase or pseudo-ChE. The specific ACNE activity in the motor end-plate has also been demonstrated by SILVER (1963) in the latissimus dorsi muscles of the domestic hen. The configuration of the subneural apparatus reported by COUTEAUX (1955 COUTEAUX ( , 1960 ) is identical to that of the ACNE positive site demonstrated in the present investigation.
In order to confirm connotation that the site of the ACNE activity truely corresponds to the configuration of the neuromuscular junction, the localization of the enzymatic activity was examined by means of an electron microscope. The reaction deposits were primarily confined to the synaptic cleft as seen in Fig. 13 . Some deposits were occasionally found in the interspace between the plasma membranes of the terminal axon and the Schwann cell. By and large findings obtained in the present study are in good agreement with those of LEHRER and ORNSTEIN (1959) who applied the azo dye method to the mouse intercostal muscles. The ACNE activity observed at the axon-Schwann cell interface of unmyelinated nerve fibers has been reported by NOVIKOFF et al. (1966) in the rat dorsal root ganglion. It is of interest to note that the axon-Schwann cell interface is also positive for activities of nucleoside diphosphatase (NOVIKOFF et al., 1966) and thiamine pyrophosphatase (SAITO and OGAWA, 1966) , although the metabolic role of phosphatases demonstrable in the interface is still to be elucidated. BARRNETT (1962) who applied the thiolacetic acic aethod has reported that the final product was also located on the plasma membrane of both the terminal axon and the junctional folds of the muscle and the vesicular or tubular structures in the terminal axoplasm. DAVIS and KOELLE (1965) using the gold-thiolacetic acid method in the mouse intercostal muscle have reported that the staining was practically restricted to the postjunctional membrane, the axolemma of the terminal and the teloglial cell membranes, while the junctional cleft, synaptic vesicles and mitochondria were essentially unstained. Apparent disagreement between these results and the present data may be due to differences in the methods employed. However, as to the truthfulness of the existence of the enzymatic activity in the synaptic cleft, there seems to be little doubt any more, since not only BLOOM and BARRNETT (1966) , but also HANKER et al. (1964) have shown the ACNE activity in the cleft. Whether or not membranes such as the axolemma or the postjunctional membrane possess the AChE activity is still a controversial problem. Anyhow, it can be said at the present moment that the site demarcated by the junctional ACNE activity by means of KARNOVSKY'S method truly corresponds to the configuration of the neuromuscular junction. The AChE activity located in the synaptic cleft may be related to the junctional transmission of an impulse. It is reasonable to use the method of the detection of AChE activity as an indicator for the pattern of the neuromuscular junction in the developing chick skeletal muscle at the light microscopic level.
It has been well known that M. pectoralis major of the bird contains fibers of Fibrillenstruktur only and is innervated by the en plaque type endings (KRUGER und GUNTHER, 1958) . In the present study it was observed that the type of ending found predominantly in M. sartorius in the AChE preparations was identical with the one usually encountered in M. pectoralis major, although two types of endings could be observed in the sartorius muscle. However, neither of the two types of endings found in the sartorius muscle was similar to that described by GINSBORG and MACKAY (1961) and HESS (1961) in the multiply innervated fibers in some of the chick skeletal muscle.
Although the enzymatically positive structure in 1-day-old chick was simpler in shape and smaller in size, the configuration observed in the silver impregnated preparation showed the quite similar pattern to that seen in the adult. No marked changes of the ending were found between the one seen in the 1-day-old chick and that in the embryo of 20 days in ovo. In contrast to the duck embryo (KHERA and LAHAM, 1965) , the AThCh-reacting neuromuscular junction was found even in the embryo in the case of the chick. It is suggested that the profound structural changes do not occur during the hatching in the chick. Similarly the difference of the junctional AChE activity between the 20-day embryo and the 15-day embryo was not significant except for the change in size.
The single courved line, which appeared first in embryos of 7 days in ovo (stage 30) and could be found abundantly in embryos of 12 to 13 days in ovo, may represent the earliest and the most primitive embryonic form of the neuromuscular junction. The chronology of the first appearance of the AChE positive junction has been a controversial problem. MUMENTHALER and ENGEL (1961) maintain that the smaller, sharply delimited rods or S-shaped lines denoting ACNE activity were firstly visible at 14 days of incubation. WAKE (1964) speaks of 17 days in ovo, while GEREBTZOFF (1959) states that the myoneural localization of the ACNE activity appeared as early as 10 days in ovo. According to ROWINSKI (I 1959) , AChE accumulation occurs in the region of future end-plate on the 9th day of incubation. The data obtained by the silver impregnation method (VISINTINI e LEVI-MONTALCINI 1939) suggests that the formation of the "bouton-like" motor ending, the earliest neuromuscular organ, takes place at around 13th day in ovo. According to the results obtained in the present study the earliest onset of the formation of the AChE positive structure, the neuromuscular junction, occurs in embryos of as early as 7 days in ovo, then the subsequent development or differentiation of the formed junction takes place. The morphogenesis of the neuromuscular junction in the chick sartorius muscle or its early form could be divided roughly into three main stages; the first stage of an initial junction formation which takes place from 7 to 13 days in ovo, the second stage of further development from 13 to 18 days in ovo and the third stage of nearly maturation at around 20 days in ovo. In this regard it is of great interest to quote that the response of the embryonic skeletal muscle to the pharmacological blocking agents such as tubocurarine chloride, succinylcholine chloride and decamethonium bromide is not altered qualitatively or quantitatively in embryos from 7 to 15 days in ovo (DRACHMAN 1963) , that is, the ratio MPD (minimum paralytic dosage)/g for each drug remained constant throughout this stage.
It should be mentioned here, however, that the present study does not rule out the possible earlier or delayed onset of the junction formation in other muscles in the chick or in muscles of other animals. The species difference in the chronology of the morphogenesis of the neuromuscular junction is likely to exist, since it seems evident that the junctional AChE activity appears in the late stage of gestation in the rat (KUPFER and KOELLE, 1951) .
The ChE activity at the myotendinous region is said to be specific in nature (SCHWARZACHER, 1961) and disappears after the nerve section (ZELENA, 1965) . TELLO (1922) observed the nerve fibers reaching myotendinous regions at about 9th day of incubation. However, according to GEREBTZOFF (1959) , the ChE activity at the musculo-tendinous junction appears quite independently of innervation.
Summary
The morphogenesis of the neuromuscular junction in the chick skeletal muscle was followed by the improved histochemical AChE method (KARNOVSKY and ROOTS, 1964; KARNOVSKY, 1964) and the silver impregnation method (SCHEFTHALER and MAYET, 1958) . Specimens used were chick embryos from 5 to 21 days in ovo (the proximal portion of the lower limb), chicks 1 to 2 days ex ovo (M. sartorius) and adult fowls (M. sartorius and M. pectoralis major). A majority of the work was carried out by the light microscope, but a part of the enzymatic study was done with an electron microscope.
Under the light microscope, the configuration of the enzymatically active structure became gradually more complicated in appearance and larger in size as the neuromuscular junction reaches maturity. The earliest appearance of the junctional AChE activity in the skeletal muscle was seen in embryos of as early as 7 days of incubation (stage 30) in the form of a single curved line, and afterwards the subsequent differentiation of the formed junction takes place. The morphogenesis of the neuromuscular junction in the chick skeletal muscle, studied enzymatically, could be divided into three main stages; the stage of initial formation (7 to 13 days in ovo), the stage of subsequent development (13 to 18 days in ovo) and the stage of nearly maturationn which occurs at around 20 days of incubation.
When observed under the electron microscope, the localization of the final product (copper ferrocyanide) of the AChE reaction was mainly in the synaptic cleft and the interspace between the axolemma and the plama membrane of the Schwann cell.
